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Chronic infection of woodchucks with woodchuck hepatitis virus (WHV) invariably leads, within 2–4 years, to the
appearance of hepatocellular carcinoma (HCC). HCC is preceded by an extended period of chronic liver damage, probably
resulting from the immune response to viral antigens. It may be that infection itself also induces changes in the hepatocyte
population. To begin to identify some of the changes in the liver prior to the appearance of HCC, monoclonal antibodies
(MAbs) were generated from mice immunized with hepatocytes from a woodchuck chronically infected with WHV or with a
tumor lysate. Immunofluorescence microscopy was used to select MAbs that reacted with host markers whose patterns of
expression would distinguish chronically infected from uninfected liver or from liver tumors. One of these MAbs (2F2) reacted
strongly with a subset of hepatocytes in chronically infected liver; a similar staining pattern was not detected in uninfected
or transiently infected liver. Evidence is presented that this strong staining reaction reflects the overexpression or
accumulation of the hepatocyte-specific intermediate filament protein, cytokeratin K18, a protein previously implicated in
cryptogenic cirrhosis of the liver in humans (Ku, N. O., Wright, T. L., Terrault, N. A., Gish, R., and Omary, M. B. J. Clin. Invest.
99: 19–23, 1997). Double immunofluorescent staining with antibodies to K18 and M-envelope protein of WHV suggested that
strong reactivity to K18 was limited to cells expressing high levels of one or both of the large viral-envelope proteins, M and
L; however, high expression of these viral proteins was not always associated with a strong K18 staining reaction. © 1998
Academic Press
INTRODUCTION
An association between chronic hepatitis B virus
(HBV) infection and hepatocellular carcinoma (HCC) is
very clear, though the precise role of the virus in carci-
nogenesis remains obscure (Buendia, 1992). HBV DNA is
commonly found in liver tumors as integrated virus DNA,
often in association with chromosomal deletions, trans-
locations, or other genetic alterations. The original pre-
diction that HCC might result from the induction of spe-
cific protooncogenes by insertional mutagenesis, similar
to that exhibited by slow transforming retroviruses, has
not yet been proven. However, in WHV-infected wood-
chucks, insertional activation of a cellular oncogene ap-
pears to occur in the development of many, if not all liver
tumors. More than 50% of WHV-associated woodchuck
tumors contain WHV DNA inserted near to members of
the myc family of proto-oncogenes (usually N-myc 2),
suggesting that hepatocarcinogenesis in WHV-infected
woodchucks fits well with the insertional activation
model (Fourel et al., 1994; Ueda et al., 1996). Virtually
100% of chronic WHV carrier animals develop liver tu-
mors 2–4 years after infection. The lifetime risk of HCC in
human carriers of HBV is ca. 10–25%, generally with a
latency of 30 years or more (Beasley, 1982; Mason et al.,
1997).
Integration of viral DNA does not play a direct role in
the replication of hepadnaviruses. Recent evidence sug-
gests, however, that the linear viral DNAs formed as a
consequence of aberrant priming of plus-strand DNA
synthesis may be recombinogenic (Yang et al., 1996a,b),
readily circularizing by illegitimate recombination to form
cccDNA, or efficiently integrating into host cell DNA
(Gong et al., 1995, 1996). Integration may thus play an
important role even at early stages of carcinogenesis.
While activation of myc genes may be an important step
in tumorigenesis in WHV-infected woodchucks, it is not
clear if integration near myc represents an early or late
event in the pathway to HCC. Other factors important in
the early stages of carcinogenesis may include en-
hanced hepatocyte replication in response to killing of
hepatocytes by immune effector cells, changes in liver
gene expression in response to cytokines elaborated by
invading cells of the immune system, and changes di-
rectly induced by viral gene expression within hepato-
cytes.
Thus, it is likely that many changes in hepatocellular
gene expression are involved in the progression to liver
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cancer in the infected woodchuck. This point is illus-
trated, for example, in the development of foci of ‘‘pre-
neoplastic’’ hepatocytes, phenotypically resembling
those formed in rodents exposed to chemical carcino-
gens (Popper et al., 1982), which coordinately express
N-myc 2 and insulin-like growth factor II (Yang et al.,
1993) but which do not usually expand to form tumors.
Therefore, in the present study, we set out to isolate
antibody reagents that identify other changes in the
chronically WHV-infected liver that may reflect events in
the disease course leading to hepatocellular carcinoma.
One of these antibodies revealed that one characteristic
change during chronic infection is accumulation of ex-
cess cytokeratin 18 in a subset of hepatocytes (herein
referred to as ‘‘MAb2F2’’-positive hepatocytes). This
staining appeared to be almost entirely limited to cells
producing large amounts of one or both of the large
envelope proteins, M and L, of WHV.
RESULTS
MAb 2F2 identifies a subset of hepatocytes in
chronic WHV-infected woodchuck liver
Mice were immunized with primary hepatocytes iso-
lated from a woodchuck persistently infected with WHV.
Splenocytes from these mice were used to generate
hybridomas, and antibodies were screened by immuno-
fluorescence microscopy to identify those that exhibited
a staining pattern with chronic WHV-infected woodchuck
liver that was distinct from that with normal, uninfected
liver. One of these monoclonal antibodies, MAb2F2, pro-
duced strong staining of a subset of hepatocytes in
chronic WHV-infected woodchuck liver, whereas a weak
staining was observed with the remaining hepatocytes
and with hepatocytes in liver sections from uninfected
woodchucks (Figs. 1A and 2F). The intense staining
appeared to result from accumulation of high levels of
antigen within the cytoplasm, whereas the weak staining
was most intense around bile canaliculi and at the
plasma membrane. Hepatocytes that yielded an intense
stain with MAb2F2 appeared morphologically identical to
neighboring hepatocytes that did not.
In the example shown in Fig. 1B, .95% of hepatocytes
were infected with WHV as reflected by the presence of
WHV core protein, though there was considerable het-
erogeneity in the level of expression. This heterogeneity
in the level of core antigen expression was typical of our
chronically infected woodchucks; in contrast, core anti-
gen staining appears much more homogeneous at the
peak of transient infections (Kajino et al., 1994). Approx-
imately 0.4% of the hepatocytes in the chronically in-
fected liver shown in Fig. 1 stained strongly positive with
MAb2F2. Bile duct epithelia were also strongly stained,
but this was observed in both infected and uninfected
livers (Fig. 2; unpublished observations). Double immu-
nofluorescence microscopy revealed that MAb2F2 was
present in hepatocytes containing WHV core protein
(data not shown).
To determine whether the high level of staining of
some hepatocytes by MAb2F2 was due to WHV infection
per se or if it was a consequence of a chronic infection,
MAb2F2 staining of liver biopsies taken at various inter-
vals during the course of a transient infection (Kajino et
al., 1994) was carried out. In this example, we examined
liver sections from a woodchuck in which virus replica-
tion was detected in essentially all hepatocytes by 3
weeks postinoculation, remained at this level at 7 weeks,
and was gone by 11 weeks (Woodchuck 35, described by
Kajino et al., 1994). The strong MAb2F2 staining of a
subset of hepatocytes, as seen in chronically infected
woodchucks (Fig. 1A), was not observed either before,
during, or after the peak of a transient infection (Fig. 2). A
generalized increase in staining intensity was observed
near the peak of the infection, at 7 weeks (Fig. 2C);
however, the staining pattern, with prominent localization
around bile canaliculi and at plasma membranes, did not
change. Similar results were obtained when several
other transiently infected woodchucks were examined.
In summary, the distinctive MAb2F2 staining of a subset
of hepatocytes in chronic WHV infected liver was not
attributable to WHV infection per se but rather appears to
result from changes occurring in the liver as a conse-
quence of chronic WHV infection.
Frequency of 2F2 positive cells in WHV-infected and
control woodchuck livers
To assess the prevalence of these MAb2F2-positive
hepatocytes during the course of chronic WHV infec-
tions, MAb2F2 was used to stain serial liver biopsies
from several woodchucks that had been infected with
WHV as newborns and developed chronic virus infec-
tions (Table 1). Strongly MAb2F2-positive hepatocytes
scattered through the hepatic lobule were a feature of all
of the specimens of chronically infected liver we exam-
ined. However, the frequency of MAb2F2-positive cells
varied from 0.01 to 5.5% in different biopsy samples taken
during the 18-month period covered by this study. There
was no obvious association between the severity of liver
disease and the frequency of MAb2F2-positive hepato-
cytes (data not shown).
MAb2F2 staining of hepatocellular carcinoma tissue
To investigate whether MAb2F2-positive hepatocytes
might represent precursors of tumor formation, we com-
pared staining of matched woodchuck liver and tumor
samples with MAb2F2. To date, we have examined
seven individual woodchuck liver tumors and found two
that expressed high levels of antigen(s) reactive with
MAb2F2, two that were weakly reactive, and three that
were low or negative (data not shown).
Interestingly, we observed large numbers of MAb2F2-
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positive cells at the junction between normal liver and
tumor (Fig. 3). The MAb2F2-positive cells at the tumor
border appeared morphologically similar to bile duct
epithelia and may be the ‘‘oval cells’’ that have been
reported to occur at high frequency in rodent livers
during chemically induced hepatocarcinogenesis
(Evarts et al., 1987) and also in association with HBV-
and WHV-induced liver disease and HCC (Fu et al.,
1988; Hsia et al., 1992). The oval cells have been
shown to share several properties with bile duct epi-
thelia and may be derived from a hepatocyte stem cell
compartment (Thorgeirsson, 1993; Thorgeirsson et al.,
1993). Unfortunately, other MAbs that are known to
display specificity for oval cells could not be used to
FIG. 1. MAb 2F2 strongly stains a subset of hepatocytes in chronic WHV-infected woodchuck liver. MAb 2F2 (A) and rabbit antiserum to WHV core
protein (B) were used to stain acid-ethanol fixed liver tissue isolated from a chronic WHV carrier woodchuck. In (A), examples of hepatocyte staining
are indicated with a solid arrow, and examples of bile duct staining with an open arrow. Magnification: 3100.
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FIG. 2. MAb2F2 staining of woodchuck liver from serial biopsies obtained during the course of an acute WHV infection. Liver biopsies were
obtained before WHV infection (A) and 3 weeks (B), 7 weeks (C), and 11 weeks (D) after infection with WHV, and stained with MAb2F2. (E) Preinfection
liver reacted with a nonliver specific antibody. (F) Higher magnification of the specimen shown in (A). Magnification: (A–E), 3100; (F), 31000. At 3
weeks postinfection, virtually 100% of the hepatocytes were WHV infected, and the infection was no longer detected at 11 weeks (Woodchuck 35,
Kajino et al., 1994). Large numbers of proliferating bile ducts staining strongly with MAb2F2 are seen in portal areas, possibly in response to stress
caused by the accumulation of inflammatory cells in portal areas during viral hepatitis (Nakanuma and Ohta, 1986).
confirm this interpretation. MAb OV6 that is specific for
rat oval cells (Dunsford et al., 1989) did not cross-react
with woodchuck liver cells, and a MAb reported to be
specific for woodchuck liver oval cells (12.8.5, gener-
ously provided by Dr. C. Rogler, Albert Einstein College
of Medicine, Bronx, NY) (Yang et al., 1996a) did not
stain acid-ethanol fixed woodchuck liver tissue (data
not shown). Nonetheless, MAbs 12.8.5 and 2F2 appear
to share several properties that include staining of bile
duct epithelia, oval-like cells, and the woodchuck liver
epithelial cell line, WC3 (Lee et al., 1987; unpublished
observations).
TABLE 1
Percent of MAb2F2-Positive Hepatocytes in WHV Chronic and Control Woodchuck Liver Biopsiesa
Woodchuck No.
Age at biopsy (months)
9 12 15 19 26
#300 (WHV1) 0.4 ND 0.6 0.4 0.4
#301 (WHV1) 2.6 2.0 5.4 5.2 1.0
#302 (WHV1) 2.8 4.6 5.4 3.8 2.8
#303 (WHV1) 0.1 4.6 2.6 3.2 2.8
#306 (WHV1) 0.01 0.1 0.01 0.1 ND
#307 (WHV1) 0.8 2.2 0.4 5.5 1.2
#308 (WHV1) 0.2 0.2 0.1 1.0 0.1
#309 (WHV1) 0.2 0.1 0.1 0.1 ND
#310 (WHV1) 0.3 0.05 0.6 4.6 2.4
#353 (WHV2) ,0.01 ,0.01 ,0.01 ,0.01 ,0.01
#351 (WHV2) ,0.01 ,0.01 ,0.01 ,0.01 ,0.01
a Liver biopsies were obtained from neonatally infected woodchucks beginning at 9 months of age. The data represent the mean percent of
MAb2F2-positive cells, determined by immunofluorescence microscope examination of 10 fields, each containing about 500 hepatocytes.
Woodchucks 300, 301, 302, 303, 306, 308, and 351 were treated daily with the antiviral agent, lamivudine, beginning at ca. 14 months of age.
Lamivudine treatment inhibited virus replication but did not significantly effect the number of WHV-infected hepatocytes at the times shown
(Mason et al., 1998).
FIG. 3. MAb2F2 stains oval-like cells at tumor boundaries in WHV-infected HCC. Woodchuck tumor tissue was stained with MAb2F2. Tumor tissue
is situated in the top right half and liver tissue is situated in the bottom left. The oval-like cells that stain with MAb2F2 are located at the junction
between normal and tumor tissue. Magnification, 3100.
72 PUGH ET AL.
2F2-positive hepatocytes overexpress cytokeratin 18
In an attempt to identify the antigen(s) recognized by
MAb2F2, we performed immunoblots of lysates of chroni-
cally infected woodchuck liver (Fig. 4A). This assay re-
vealed that MAb2F2 recognized a 45-kDa protein that was
largely insoluble in nonionic detergents (see Materials and
Methods). The staining pattern we had observed with
MAb2F2 in uninfected woodchuck liver, and the extreme
insolubility of p45, suggested that MAb2F2 might be react-
ing with a cytoskeletal protein, most probably a cytokeratin.
We therefore prepared intermediate filaments (IF) from
woodchuck liver tissue. As anticipated, this preparation
contained two major polypeptides, ca. 45 and 52 kDa, that
were present in approximately equimolar amounts (Fig. 4B).
The sizes of the two polypeptides and published studies on
the cytokeratins of liver intermediate filaments both sug-
gested that these might be the woodchuck homologues of
human cytokeratins 18 (45 kDa) and 8 (52 kDa), respectively
(Moll et al., 1982).
Immunoblot analysis of the woodchuck liver IF proteins
showed that the 45-kDa polypeptide(s) was recognized by
MAb2F2 (Fig. 4B). In addition, a MAb to human K18 reacted
weakly with the 45-kDa woodchuck IF protein(s) and, like
MAb2F2, showed no reactivity with woodchuck K8. The
weak reactivity with the human antibody to K18 may reflect
the fact that this MAb is most reactive with a complex of K18
and its normal partner, K8 (Waseem et al., 1996). A MAb to
human K19 (40 kDa), normally expressed in bile duct cell
but not hepatocytes (Moll et al., 1982; Van Eyken and Des-
met, 1993) did not react with our IF preparation by immu-
noblot analysis (Fig. 4B). Thus MAb2F2 appeared to be
reactive with cytokeratin 18. The possible presence of
woodchuck analogs of other type I cytokeratins in our IF
preparations, such as K19 or K14 (Moll et al., 1982; Van
Eyken and Desmet, 1993), with which MAb2F2 might have
reacted, was not ruled out by this experiment. However,
additional analyses implied that cytokeratin 18 was overex-
pressed in these cells and that cytokeratin 19 was not;
moreover, they ruled out the possibility that MAb2F2 re-
acted with cytokeratin 14 in the liver sections. First, the
pattern of staining by MAb2F2 of most woodchuck hepato-
cytes (Fig. 2F), excluding the strongly 2F2-positive hepato-
cytes, was typical of that reported for antibody to K18, with
accumulation around bile canaliculi and at hepatocyte
membranes (Fig. 2F) (Van and Desmet, 1993), implying that
MAb2F2 can detect a K18-like protein in hepatocytes. Sec-
ond, MAb2F2 did not react with the basal cell layer of
woodchuck skin, whereas an antibody to human K14 did
react, ruling out the possibility that MAb2F2 recognized K14
(data not shown); the antibody to K14 did not stain hepato-
cytes or bile duct cells. Third, an antibody to human K18
reacted with bile duct cells and also yielded a hepatocyte
staining pattern like that of MAb2F2 (i.e., revealed a subset
of hepatocytes with enhanced staining) (Fig. 5). Fourth,
antibody to human K19 reacted with bile ducts (Moll et al.,
1982; Van Eyken and Desmet, 1993) but not hepatocytes
(Fig. 5), as is the case in human liver. In summary, chroni-
cally infected livers appear to contain a subset of hepato-
cytes that overexpress or differentially accumulate the
woodchuck homolog of cytokeratin 18 and possibly its
normal partner, K8. MAb2F2 appears to recognize an
epitope on cytokeratin 18; we have not ruled out the pos-
sibility that this epitope is shared with K19.
In addition to MAb 2F2, 16 MAbs that yield a differen-
tial staining pattern in chronic WHV-infected woodchuck
liver and tumor tissue were isolated and partially char-
acterized (Table 2). More than half of the antibodies
could be classified into three groups which specifically
stained bile duct epithelia, bile canaliculi, and phago-
cytes (Class I), connective tissue in HCC (Class II), and
nuclei in a subset of hepatocytes in the liver (Class III).
We also isolated two MAbs that were specific for hepa-
tocytes in liver and tumor tissue.
Evidence that 2F2-positive hepatocytes accumulate
high levels of the large WHV envelope proteins
A common feature of chronic HBV infections is the
appearance of a subset of hepatocytes with a ground
glass appearance in fixed tissue sections, which is ap-
FIG. 4. MAb2F2 appears specific for woodchuck cytokeratin 18. (A)
Equivalent amounts of protein from the insoluble and soluble fractions
of a woodchuck liver extract were resolved on a 10% (w/v) SDS–PAGE,
transferred to nitrocellulose and incubated with MAb2F2 (see Materials
and Methods). (B) Woodchuck liver intermediate filament preparations
were resolved by 10% (w/v) SDS–PAGE and either visualized by staining
the gel with coomassie blue (IF) or transferred to nitrocellulose and
strips incubated with MAb 2F2 or MAbs specific for human keratins 18
and 19 (see Materials and Methods). After incubation with HRP-conju-
gated goat anti-mouse IgG, immune complexes were detected using
diaminobenzoic acid (Harlow and Lane, 1988). The sizes in kilodaltons
of relevant molecular weight markers are shown; each marker band
contained about 10 mg of protein.
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FIG. 5. MAb2F2 and antiserum specific for cytokeratin 18 yield similar staining patterns with chronic WHV-infected woodchuck liver. Adjacent
sections of liver biopsy samples obtained from a chronic WHV-infected woodchuck were stained with MAb2F2 (A) and MAbs specific for human
cytokeratins 18 (B) and 19 (C) (see Materials and Methods). All three MAbs stained bile duct epithelia. Magnification, 3100
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parently produced by the proliferation of smooth endo-
plasmic reticulum (ER) (Gerber et al., 1974). Hepatocytes
with a similar appearance have been detected by some
investigators in woodchucks chronically infected with
WHV (Abe et al., 1988), though others have not noted
such hepatocytes (Popper et al., 1981). ER proliferation in
FIG. 6. Evidence for elevated accumulation of cytokeratin 18 in hepatocytes expressing high levels of WHV M and/or L proteins. A liver section was
double stained with MAb LE61 and rabbit serum reactive to M protein (A–C) or with MAb2F2 and the rabbit antiserum (D–F). The primary antibodies
were detected with Cy2-labeled goat anti-rabbit IgG (A and D) or rhodamine red X-labeled goat anti-mouse IgG (B and E). Control experiments (not
shown) established that there was no significant contribution to the signals in (A) and (D) from the rhodamine red X-labeled second antibody or in
(B) and (E) from the Cy2-labeled second antibody, and that the second antibodies did cross-react with the heterologous primary antibodies. The
merged signals from the top two panels are shown in (C) and (F). Signal overlap is shown in yellow. In addition to the strong staining of isolated
hepatocytes, the anti-M serum also produced a characteristic staining at the periphery of hepatocytes. Magnification, 3100.
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infected hepatocytes is thought to result from an accu-
mulation of elongated rod-like surface antigen particles
in the endoplasmic reticulum, from which they can not
readily escape (Chisari et al., 1987; Ou et al. 1987; Mol-
nar-Kimber et al., 1988; Abe et al., 1991). Accumulation of
these rod-like particles can be produced by overexpres-
sion of the HBV L envelope protein. Because of the
similarities in the reported incidence of ground glass
hepatocytes in human liver and the observed incidence
of 2F2-positive hepatocytes, we asked whether the two
cell populations overlapped. Attempts to raise antibodies
to the PreS1 and S regions of the L protein of WHV were
unsuccessful, but rabbit antibodies reactive to the PreS2
domain of L and M were obtained. Preliminary experi-
ments then confirmed that the percentage of hepato-
cytes reacting strongly with this antibody in chronically
infected woodchuck liver was similar to the fraction of
2F2-positive hepatocytes (Y. Qian, Mason, unpublished
observations), whereas such strongly reacting hepato-
cytes were not detected during transient infections. Dou-
ble staining was thus carried out on a liver specimen
containing a high percentage (ca. 10%) of hepatocytes
reactive with both antibodies. As illustrated in Fig. 6
(D–F), the 2F2-positive hepatocytes were reactive with
the antiserum raised to the PreS2 polypeptide. On the
other hand, some of the hepatocytes that were strongly
stained with anti-PreS2 were not strongly reactive with
2F2. This basic pattern was confirmed with the biopsy
specimens from Woodchucks 301, 302, and 306 listed in
Table 1. Similar observations were made when double
staining of the specimen used in Fig. 6 was carried out
with MAb LE61, reactive with K18/8 (Lane and Anderton,
1982; Waseem et al., 1996), and anti-PreS2 (Figs. 6A–6C).
(The high degree of overlap in staining between LE61
and anti-PreS2, and 2F2 and anti-PreS2, is also consis-
tent with the idea that MAbs LE61 and 2F2 were reacting
strongly with the same hepatocytes.) Evidence that the
anti-PreS2 might be reacting with woodchuck hepato-
cytes overexpressing L protein was obtained by electron
microscopy, which revealed that approximately 10% of
the hepatocytes in the liver described in Figs. 6A–6C had
a ground glass phenotype (Saputelli, Gales, and Mason,
unpublished observations), as reflected by proliferation
of ER filled with elongated 22 nm rods. Thus aberrant
expression of the woodchuck K18 may be indirectly re-
lated to the ER stress that has been reported to result
from overexpression of HBV L protein (Xu et al, 1997).
DISCUSSION
Chronic liver damage associated with persistent HBV
infection is thought to contribute to the development of
HCC by accelerating the rate of hepatocyte turnover,
thereby increasing the rate at which potentially deleteri-
ous mutations accumulate and expand within the liver
cell population. Integration of viral DNA can contribute to
genetic alterations in the genome of infected hepato-
cytes. In the case of WHV, it has been implicated in
activation of myc proto-oncogenes, usually N-myc-2,
though sometimes N-myc-1 and C-myc, in more than half
the cases of HCC that arise. Other changes that may
occur during chronic infection and may facilitate tumor-
igenesis are poorly understood. In attempting to identify
such changes, we isolated several MAbs specific for
subcutaneous liver cell types that may serve as useful
reagents to monitor alterations that take place in chronic
WHV-infected woodchuck liver and present here a de-
tailed characterization of one such MAb. MAb2F2 de-
tected scattered hepatocytes in chronic WHV-infected
liver that were not detected in transiently infected or
uninfected woodchuck liver. We have shown, by immu-
noblotting and immunohistochemistry, that MAb2F2 re-
activity with 2F2-positive hepatocytes appeared to be
due to a reactivity with the woodchuck intermediate
filament protein homolog of human cytokeratin 18. Mor-
phologically, the MAb2F2-positive hepatocytes resem-
bled normal hepatocytes and were distinct from transi-
tional and oval cell-like hepatocytes that have been pre-
viously reported (Evarts et al., 1987; Fu et al., 1988; Hsia
et al., 1992). Moreover, unlike these cell types, the
MAb2F2-positive hepatocytes were not characterized by
expression of the woodchuck homolog to cytokeratin 19,
which was detected in the bile duct and oval cell-like
cells in the woodchuck liver. Oval cells probably function
as precursors to normal hepatocytes under conditions in
which hepatocyte proliferation is impaired (Evarts et al.,
1987). In contrast, our observations did not suggest that
MAb2F2-positive hepatocytes divided to yield progeny
with the same phenotype; in particular, they were gen-
erally not found in pairs or larger clusters. [The layer of
hepatocytes bordering larger ducts sometimes display
enhanced staining by MAb2F2 (e.g., Fig. 2C), but the
pattern within individual cells is more typical of weakly
staining hepatocytes.]
An unresolved issue is the basis for this unusual
phenotype and its role, if any, in the disease process. It
has recently been found that cytokeratin mutations are
associated with human skin disease (Cardin and Mar-
TABLE 2
Classification of MAbs that Yield Differential Staining Patterns
with Woodchuck Liver and Tumor Tissue
MAb class Properties Examples
I BDE (apical cytosol), bile
canaliculi, macrophages
16C11, 20B4, 3E4, 9C10,
7G5, 3H11
II Connective tissue, fibroblasts 16A5, 22H12, 3A6, 14G7
III 50% hepatocyte nuclei, and
100% hepatocyte cytosol
7B11, 22A12, 26E11
IV Hepatocytes only 5E11, 20A11
V Hepatocytes, smooth muscle
around vessels
9E9
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tinoli, 1995; McLean and Lane, 1995; Fuchs and Cleland,
1998 for review) and it has been suggested that overex-
pression of a cytokeratin might also contribute to the
disease process. This was observed in studies of trans-
genic mice overexpressing neurofilament IF protein, in
which a disease resembling human amyotropic lateral
sclerosis was observed (Cote et al., 1993; Xu et al., 1993).
There is also provocative evidence that altered cytoker-
atin expression might play a role in liver disease. For
instance, it was shown that expression of a mutant cy-
tokeratin 18 in the liver of transgenic mice resulted in
hepatocyte fragility and increased sensitivity to injury (Ku
et al., 1995, 1996), and circumstantial evidence has been
obtained that mutant cytokeratin 18 may be the cause of
some cases of cryptogenic cirrhosis in humans (Ku et al.,
1997). Thus there are precedents that expression of
altered cytokeratins or, in our examples, changes in the
level of accumulation in woodchuck liver, could contrib-
ute to pathogenesis, perhaps by increasing the risk of
cell death. Whether increased expression could also
directly contribute to neoplastic transformation is un-
clear. As noted, based upon immunoperoxidase studies
of a small group of woodchuck HCCs, there appears to
be wide individual variations in expression/accumulation
of one or more cytokeratins (K18, or perhaps K19) that are
recognized by MAb2F2. A direct link between the trans-
formed phenotype and possibly aberrant cytokeratin ex-
pression is therefore not obvious. On the other hand,
hepatocyte fragility has been reported in transgenic
mouse hepatocytes that are apparently overexpressing
HBV L protein (Chisari et al., 1989; Giles et al., 1992). This
raises the possibility that L protein overexpression in
these mice may mediate its effect through alterations in
IF protein synthesis. As a direct or indirect result of L
protein overexpression, mice expressing the highest lev-
els of L protein are at nearly 100% risk of developing liver
cancer (Chisari et al., 1989).
Others have reported successful isolation of murine
MAbs to rat liver proteins following immunization with
liver cells (Dunsford et al., 1989) or crude plasma mem-
brane preparations (Hubbard et al., 1985). While several
useful reagents were obtained from these studies, only a
very limited number of specificities were displayed by
the MAbs that were recovered. However, this approach
for identifying genes that are expressed aberrantly in
chronic WHV-infected liver and tumor tissue has advan-
tages compared with, for example, differential display or
subtractive hybridization techniques (e.g., Huang and
Hsu, 1995). Immunohistochemistry, used as a screening
tool, can identify subtle changes in the intracellular dis-
tribution and abundance of a specific protein in a rela-
tively minor proportion of cells, whereas the above meth-
ods are more likely to detect gross quantitative differ-
ences in levels of tissue mRNAs. This is an important
difference, since early events during tumorigenesis are
likely to result in phenotypic changes in only a few
isolated cells within the liver.
MATERIALS AND METHODS
Isolation of monoclonal antibody reagents to WHV
infection woodchuck liver cells
Individual Balb/c female mice were injected intraperi-
toneally with about 5 3 106 primary hepatocytes pre-
pared from a woodchuck chronically infected with WHV
(Aldrich et al., 1989) or with proteins extracted from a
hepatocellular carcinoma which arose in a chronically
infected woodchuck. This was done by homogenization
of approximately 50 mg of tissue in 2 ml PBS containing
1% (v/v) NP-40 followed by centrifugation at 10,000 rpm
for 5 min at 4°C. The mice received successive injec-
tions with either hepatocytes or tumor lysate. 2F2 was
isolated from a mouse injected with primary hepato-
cytes; a possibly similar antibody with a the same stain-
ing pattern in infected liver was also isolated from a
mouse injected with tumor lysate. Injections were in the
absence of adjuvant. After four to six injections at
monthly intervals, splenocytes were isolated and hybrid-
omas prepared by standard procedure (Harlow and
Lane, 1988). Hybridoma supernatants were screened by
staining of liver and tumor material from WHV carriers by
immunomicroscopy (see below).
Animals and surgical techniques
All of the WHV carrier woodchucks used in this study
were infected as newborns and developed persistent
infections. Some animals were treated with the antiviral,
lamivudine (Mason et al., 1998). At approximately 4- to
8-month intervals, liver biopsies were obtained from
these animals and used for immunohistochemical anal-
yses. Samples were also obtained from uninfected con-
trol woodchucks. Samples of other tissues were ob-
tained at autopsy or from a previously described study of
transient infection (Kajino et al., 1994). All procedures
were approved by the Institutional Animal Care and Use
Committee (IACUC) of the Fox Chase Cancer Center.
Immunohistochemistry
Tissues were routinely fixed in 75% ethanol:25% gla-
cial acetic acid for 20–30 min at 4°C, then in 70% ethanol
overnight at 4°C before dehydration, embedding in par-
affin, and sectioning. Following removal of paraffin, tis-
sue sections were rehydrated with PBS, blocked with
10% (v/v) fetal bovine serum, and incubated with MAbs
for 2 h. The sections were then washed with PBS before
incubation with either rhodamine red X-conjugated goat
anti-mouse IgG, Cy2-conjugated goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove,
PA), or HRP-conjugated goat anti-mouse IgG (Dako
Corp., Carpinteria, CA). Peroxidase slides were devel-
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oped according to a previously published procedure (Jil-
bert et al., 1992). Staining to detect WHV core antigen
was carried out as previously described (Kajino et al.,
1994), employing serum from a rabbit immunized with
WHV core protein synthesized in Escherichia coli. This
antiserum was generously provided by Dr. C. Seeger
(Fox Chase Cancer Center).
Protein preparation and analysis and additional
antibody reagents
The procedure used to prepare intermediate filament
(IF) proteins from woodchuck liver and tumor tissues
exploits the insolubility of these components of the cy-
toskeleton in the presence of detergent and high-salt
buffers and has been described in detail by Achstatter et
al. (1986).
To prepare tissue samples for SDS–PAGE analysis,
approximately 50 mg of frozen liver was homogenized in
0.8 ml of high-salt lysis buffer [0.5 M NaCl; 50 mM
Tris-HCl, pH 8.0; 1% (v/v) NP-40, and 0.5% (v/v) sodium
deoxycholate]. The lysate was centrifuged at 10,000 rpm
for 5 min at 4°C, and the supernatant was removed and
added to a tube containing an equal volume of SDS–
PAGE sample buffer [2% (w/v) SDS; 0.2 M Tris-HCl, pH
8.8; 5 mM EDTA, 1 M sucrose; and 0.01%(v/v) bromophe-
nol blue]. The pelleted material was resuspended in 0.8
ml of high-salt lysis buffer, followed by addition of an
equal volume of SDS–PAGE sample buffer. The samples
were heated at 94°C for 3 min and 60 ml aliquots were
applied to a 10% (w/v) SDS–PAGE. Western blot analysis
was performed using HRP-conjugated goat anti-mouse
IgG (Cappel), and immune complexes were detected
using enhanced chemiluminescence (SuperSignal,
Pierce).
Monoclonal antibodies LP2K and LE61, specific to hu-
man keratins 19 and 18, respectively, where a gift from
Dr. E. Birgitte Lane (Medical Sciences Institute, Univer-
sity of Dundee, Scotland) (Lane and Anderton, 1982;
Stasiak et al., 1989; Waseem et al., 1996). Monoclonal
antibody LL002, reactive against human keratin 14, was
purchased from Biomeda Corp. Rabbit antiserum was
raised to a polypeptide spanning the WHV PreS2 domain
of the L and M proteins (K. Kajino and W. Mason, unpub-
lished observations).
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